Abstract. In this paper, we describe an electromagnetic bulging for a SUS304-O stainless steel sheet (0.15 mm thick) and its experimental results. In the die forming, the flat one-turn coil is adopted for the bulging of the SUS304-O sheet, when an aluminum sheet (0.3 mm thick) as a driving plate (driver) is used together. When an impulse current from an energy-storing capacitor bank passes through the flat one-turn coil, a high-density magnetic flux is suddenly generated around the coil. Eddy currents are induced in the driver placed on the coil. The SUS304-O sheet is pressed by an electromagnetic force generated in the driver, leading to bulge into a meandering groove with small concave shape. The bank energy required for the bulging of 12mm wide, 60mm long and 0.43mm high is about 4.5 kJ, and the obtained workpiece does not almost have wrinkles and curves.
Introduction
Electromagnetic forming belongs to the high-energy-rate forming such as explosive forming, and is effective for metals with high electrical conductivity, for example, aluminum and copper. In industries, a die forming of aluminum alloy sheets has been studied mainly for use of automotive closure panel and structural applications, and has been done with a flat spiral coil. The coil is reinforced mechanically and is insulated electrically to prevent damage by a large electromagnetic force. In the die forming, a magnetic pressure generated in the sheet on the coil is not uniform in the radial direction. The pressure is small at the center and the end of the coil, and is greatest at about 2/5 positions of the radius out of the center. Therefore, the die forming by using one flat spiral coil is not suitable as a uniform bulging of the sheet metal. We propose an electromagnetic forming which is able to bulge a SUS304-O stainless steel sheet uniformly. Though a sheet metal with high electrical conductivity such as an aluminum sheet is able to bulge easily, the bulging of the stainless sheet is difficult because the sheet has high flow stress and low electrical conductivity. The die forming of the SUS304-O sheet is performed by using the aluminum sheet as a driving plate (driver), when a flat one-turn coil is adopted to bulge uniformly. The coil is made with one copper alloy plate, thus mechanical strength is large compared with that of the spiral coil. A forming region of the sheet metal is narrow, but use of the flat one-turn coil enables uniform bulging of the sheet because a magnetic flux density generated on the coil is uniform within 80% of a coil width.
Principle of Bulging
The principle of the electromagnetic bulging by using the flat one-turn coil proposed by us is Fig. 1 : cross section view with three dimensions of the flat one-turn coil, the sheet metal and a die. When an impulse current with high frequency passes through the coil, a high-density magnetic flux (magnetic flux density B) is suddenly generated around the coil, which intersects the sheet placed on the coil and penetrates into it. Eddy currents (current density i) pass through it to hinder its further penetration. As a result, an electromagnetic force of i × B acts in the direction that presses the sheet to the die, and the sheet is bulged into the groove in the die and simultaneously is heated with Joule heat (i 2 / κ ) produced by the eddy currents. The eddy currents i are given by Eq. 1 and the magnetic pressure p equivalent to the electromagnetic force by Eq. 2. 
where κ, µ, τ stand for the electrical conductivity, magnetic permeability and thickness of the sheet metal respectively; B and B 0 for the magnetic flux density on the surface (coil side) and the reverse face (die side) respectively, and δ = ( 2 / ω κ µ ) 1 / 2 means the skin depth producing with skin effect, where ω stands for the angular frequency of the changing field. As is evident from Eq.1, the higher the electrical conductivity κ of a material is, the more the eddy currents flow in it and the more efficiently a larger amount of Joule heat is generated. With increasing of the electrical conductivity, the skin depth δ decreases, resulting in increasing the magnetic pressure p in accordance with Eq.2. Consequently the electromagnetic bulging is effective for metals with high electrical conductivity such as aluminum and copper. Fig. 2 show general outlines of an apparatus of the electromagnetic bulging using a magnetic pressure, which is composed of a capacitor bank (C) and a spark arc gap switch (G) with a flat one-turn coil (L) made with one copper alloy plate. These parts form a low-impedance discharge circuit, which can generate a high-density magnetic flux around the coil. Fig. 2 is (a) a plan view of the E-shaped coil without insulators, the coil is separated into two parts and is symmetric about the longitudinal direction, (b) a section view of the coil with the discharge circuit, and coil currents flowing in both sides of the coil concentrate in a central part with coil width b, (c) a section view of the bulging for an A1050-H24 aluminum sheet, (d) a section view of bulging for a SUS304-O stainless steel sheet by using a driver. When the gap switch is closed, an impulse current from the capacitor bank passes through the coil, and then a high-density magnetic flux appears around the central part of the coil where the current concentrates. As shown in Fig. 2(c) , this flux intersects the A1050-H24 sheet with high electrical conductivity and eddy currents flow through it in the reverse direction to the coil current (impulse current), applying magnetic pressure to the sheet in a direction of a die from the coil plate. The electromagnetic bulging of the SUS304-O sheet is difficult compared with the A1050-H24 sheet because the sheet is low electrical conductivity. Therefore, the bulging is impossible by means of Fig. 2(c) and is performed by using the driver as shown in Fig. 2(d) . The flat one-turn coil of E-shape is 130 mm long and 20 mm wide, comprised of Cu-Cr 1.0 mm thick, and then the bulging is done inside this area. The bank capacity adopted for the experiments is 200µF. The inductance of the coil is about 0.03µH and that of the discharge circuit is about 0.06µH, and the frequency of discharge circuit is 45 kHz. A thickness of the A1050-H24 sheet is 0.3 mm and that of the SUS304-O sheet is 0.15 mm. Insulating materials of 0.05 mm or 0.1 mm thick are loaded both faces of the sheet as shown in Fig. 2 (c) and (d) . The coil and the die are clamped with a fixture during the bulging operation.
Experimental Apparatus

Experimental Results
Die and Basic Geometry. As shown in Fig. 3(a) , a die has a forming region with a meandering groove of small concave shape, which sizes are 12 mm wide, 60 mm long and 0.6 mm deep. The die is made with a steel block. The forming region of the die is within 60% of a coil width (20mm) because is placed inside the width. Fig. 3(b) shows a basic geometry of the forming region in Fig. 3(a) . Intervals of surfaces, slopes and bottoms are equal in the transverse direction of Fig. 3(a) and at 0.6 mm, and corner radii of the groove are 0.3 mm all. Discharge Current and Maximum Value. We detected the current waveforms by a search coil placed near a gap switch (G) in Fig. 2(b) , and observed the waveforms on an oscilloscope through an integration circuit. An example of the waveforms obtained at 4.0 kJ is shown in Fig.  4 . The current of damped oscillation flows through the flat one-turn coil for a duration of about 50µs. In measurements the oscillating period is about 23µs and the maximum current about 260 kA at 4.0 kJ, and in calculation skin depth 0.41 mm. The discharge current has the maximum value at about 5.2µs from the current start for all the energies. Relation between the maximum current and the discharge energy is shown in Fig. 5 . With increase of the discharge energy, the maximum current increases in proportion to the square root of the energy. The flat one-turn coil is able to flow the discharge current of about 2.5 times compared with that of a flat spiral coil so that has simple structure. Magnetic Flux Density and Formed Height. The magnetic flux density generated with the discharge current has two components, and one component bulges the sheet metal to the direction of the die and another tenses the sheet toward both ends from the center of coil width. Assuming magnitude of the eddy currents flowing in the A1050-H24 sheet are equal to that of the coil current, the bulging component of flux density on a surface of the sheet is calculated. As shown in Fig. 6 , the flux density B m is approximately constant within 80% of the coil width and the value is about 15T at 260 kA maximum current. From Eq.2, the magnetic pressure is about 70 MPa. The bulging of the A1050-H24 sheet was done by means of Fig. 2(c) , and that of the SUS304-O sheet was performed by means of Fig. 2(d) . Magnetic Pressure and Control of Wrinkles and Curves. Placing a pressure film on the A1050-H24 sheet and changing the die to a flat board in Fig. 2(c) , we examined distributions of the magnetic pressure (bulging force) acting on the sheet for the discharge energies. The film has a concentration by receiving the pressure of 10-50 MPa. An example of the distribution of the pressure obtained at 3.0 kJ is shown in Fig. 9 . The width of the one-turn flat coil is 20 mm and both sides of it are a space of 10 mm. The magnetic pressure is very high and uniform on the coil width, but is very low on the both spaces that the film has no concentration. Because the electromagnetic bulging is done inside the coil width, the bulging force generated in the driver has an important effect for the SUS304-O sheet during the bulging operation. When an impulse current passes through the coil, the electromagnetic (bulging) force generated in the driver presses the two sheets to the die as shown in Fig.10 . The two sheets are fixed on the surface of the die by both the bulging force and a normal force, and a drawing force to the forming region is controlled also. As a result, only the SUS304-O sheet placed on the groove is bulged into it. 
Conclusions
We have proposed an electromagnetic bulging which is applicable for a SUS304-O stainless steel sheet with low electrical conductivity. By flowing a large impulse current in a flat one-turn coil and by using an aluminum sheet as a driving plate, we were able to bulge the steel sheet into a meandering groove with small concave shape. In the die forming, the bank energy required for the bulging of 12mm wide, 60mm long and 0.43mm high is about 4.5 kJ, and the obtained workpiece does not almost have wrinkles and curves. 
